sequence dissociation from SRP54.
Results

an N-terminal domain that binds to SR␤ and the C-terminal 52 kDa segment that contains the GTPase domain (Lauffer et al., 1985). The 50 kDa lumenal domain Proteolysis of the SR, TRAM, and the Sec61 Complex in Ribosome-Stripped Microsomes
of ribophorin I (RI), an oligosaccharyltransferase subunit, was the limit digestion product demonstrating that Proteases were used to sever the cytoplasmic domains of protein translocation components to obtain microthe microsomes remain impervious to the proteases ( Figures 1A-1C ). Intact TRAM protein was not present somes that were defective in protein translocation. To enhance protease access to the Sec61 complex (Kalies in the T 1 -PK-RM ( Figure 1A) ; traces of TRAM were detected in C 1 -PK-RM ( Figure 1B ), while 30% of the TRAM et al., 1994), the microsomes were incubated with puromycin and extracted with high salt to detach ribosomes protein was not digested by endoproteinase Glu-C (Figure 1C) . Immunoreactive membrane-bound fragments from the translocon. The puromycin-high salt extracted rough microsomes (PK-RM) were digested with trypsin, of TRAM were not produced by cleavage with either trypsin or chymotrypsin. The TRAM protein has eight chymotrypsin, or endoproteinase Glu-C (see the Experimental Procedures) and are designated respectively as predicted membrane-spanning segments with both the N and C termini facing the cytoplasm ( Figure 1D ). As T X -PK-RM, C X -PK-RM, and V X -PK-RM, where the subscript X denotes the concentration of protease, in g/ the antibody to TRAM was raised against a synthetic peptide corresponding to the TRAM C terminus, loss of ml, used for the digestion.
The topologies of the SRP receptor, ribophorin I, the TRAM immunoreactivity cannot be equated with extensive degradation of TRAM. TRAM protein, and the Sec61 complex are diagrammed in Figure 1D . Protein immunoblot analysis using SR␣ The cytoplasmic face of the 476-residue Sec61␣ subunit consists of the N and C termini plus the even-numand SR␤-specific antibodies revealed that SR␣ was far more sensitive to digestion than SR␤ (Figures 1A-1C T X -PK-RM (A) or C X -PK-RM (B) were assayed for translocation of preprolactin. The 25 l reticulocyte lysate translations contained 1.2 eq of T X -PK-RM or C X -PK-RM and, as noted, were supplemented with the 52 kDa SR␣ fragment (200 fmol). Preprolactin (pPL) and prolactin (PL) were quantified after PAGE in SDS. (C and D) Assays of op156 integration contained 1.2 eq of T X -PK-RM (C) or C X -PK-RM (D) and 200 fmol of the SR␣ fragment and were conducted in the presence (upper panels) or absence (lower panels) of GTP. Membrane pellets obtained after alkaline sucrose gradients were analyzed by PAGE in SDS to resolve glycosylated op156 (g-op156) from nonglycosylated op156. SRP-dependent membrane integration of op156 (op156 ϩ g-op156) was calculated after subtracting as background the quantity of op156 (op156 ϩ g-op156) that was integrated in the absence of GTP. Preprolactin translocation (triangles) across T X -PK-RM (A) or C X -PK-RM (B) and SRP-dependent op156 integration (triangles) into T X -PK-RM (C) or C X -PK-RM (D) is expressed relative to the translocation/integration activity of T 0 -PK-RM and C 0 -PK-RM assayed in the presence of the SR␣ fragment. The percentages of intact SR␤ (squares), Sec61␣ (filled circles), and Sec61␤ (open circles) in the T X -PK-RM and C X -PK-RM was quantified by scanning the ECL images shown in Figure 1 . For Sec61␣, the plotted data is the average value obtained by scanning blots probed with the N-and C-terminal antibodies.
raised against the N terminus of Sec61␣ recognized 22 simplify the analysis of the protease-digested PK-RM, translocation activity was assayed using the TRAMand 30 kDa digestion products ( Figures 1A, 1B, and 1C) . To determine which loops in Sec61␣ were severed, we independent substrate preprolactin (Voigt et al., 1996). The protease-digested microsomes were first assayed prepared N-terminal segments of Sec61␣ by in vitro translation of truncated Sec61␣ mRNAs. The 22 and 30 for translocation activity in the absence of SR␣ ( Figures  2A and 2B , left three lanes). Unlike the mock digested kDa Sec61␣ fragments comigrate with Sec61␣ translation products that terminate at Arg-274 (loop 6) and Lysmembranes, the T 1 -PK-RM and C 1 -PK-RM were unable to translocate and process preprolactin. The SR in the 393 (loop 8), respectively ( Figure 1E ). The C-terminalspecific antibody did not recognize membrane-bound protease-digested PK-RM was reconstituted by the addition of the purified 52 kDa SR␣ fragment that contains tryptic fragments derived from Sec61␣, indicating that the C terminus of Sec61␣ is cleaved at Lys-463. In conthe GTPase domain. A 2-fold molar excess of the SR␣ fragment was added relative to the SR content of PKtrast, a C-terminal 8 kDa fragment of Sec61␣ was detected in the C 1-10 -PK-RM ( Figure 1B 2D ). The protease-digested PK-RM SRP54 but not Sec61␣ when microsomes or GTP were were reconstituted with the SR␣ fragment and assayed deleted from the assays ( Figure 3B ). Additional control in the presence or absence of GTP to discriminate beexperiments confirmed that formation of Sec61␣* was tween SRP-dependent and SRP-independent integradependent upon the inclusion of DSS, SRP, and active tion of op156. Integration of op-156 into the PK-RM can microsomes (e.g., T 0 -PK-RM). The absence of the SRP* occur by an SRP and GTP-independent integration product in assays containing GTP and T 0 -PK-RM indimechanism that is analogous to that described for cates that the Sec61 translocation channels are present other translation-arrested polypeptides (Wiedmann et in excess relative to the SRP-RNCs. When the T X -PKal., 1994; Jungnickel and Rapoport, 1995; Raden and Gil-RM were reconstituted with SR␣, cross-links between more, 1998). GTP-dependent integration of op156 into pG64 and Sec61␣ were most intense in assays of T 1 -PKthe undigested PK-RM was accompanied by oligosac-RM, barely detectable with T 7 -PK-RM, and undetectable charide addition to one or both of the glycosylation sites with T 20 -PK-RM ( Figure 3B ). Although the absence of to yield g-op156 ( Figures 2C and 2D, upper panels) .
intact Sec61␣ in the T 7 -PK-RM and T 20 -PK-RM (Figure SRP-independent integration of op156 yielded substan-1A) readily explains the absence of intact Sec61␣*, furtially reduced amounts of g-op156 and slightly reduced ther examination of the autoradiogram failed to disclose amounts of op-156 (lower panels). Whereas both tarnovel products that could correspond to pG64 crossgeting pathways can occur in the presence of GTP, linked to Sec61␣ fragments. When inactive membranes subtraction of the GTP-independent signal yields a reli-(i.e., T 20 -PK-RM) were assayed, the intensity of SRP54* able estimate of the SRP-dependent integration of was comparable to that observed in control assays that op156. In the absence of the SR␣ fragment, glycosylalacked PK-RM or GTP, indicating that SRP54 does not tion of op156 by the T 1 -PK-RM and the C 1 -PK-RM was dissociate from the signal sequence of pG64 to yield undetectable (data not shown). The addition of the SR␣ either of the post SRP-cycle intermediates (Figure 3Ad fragment to the protease-digested PK-RM resulted in a or 3Ae). partial restoration of g-op156 synthesis as quantified in Cross-links between intact Sec61␣ and pG64 were Figures 2C and 2D . The protease-mediated inhibition of detected in assays that contained the SR␣ fragment SRP-dependent integration of op-156 (triangles) correplus mildly digested C X -PK-RM ( Figure 3C ). When more lated with the digestion of Sec61␣ (circles) but not SR␤ extensively digested membranes were assayed (e.g., (squares). Glycosylation of op-156 by the V 200 -PK-RM C 50 -PK-RM), pG64 was primarily cross-linked to SRP54. could not be reconstituted with SR␣ (data not shown).
As observed with the T X -PK-RM, reduced formation of These data suggest that proteolysis of Sec61␣ is the Sec61␣* was accompanied by a corresponding increase primary cause for the observed defects in protein transin cross-linking of pG64 to SRP54. Fractionation of location. cross-linking assays over alkaline sucrose gradients showed that the product designated as SRP54* was Nascent Polypeptides Are Not Transferred to Sec61␣ primarily recovered in the supernatant fraction and in Protease-Inactivated PK-RM Sec61␣* was recovered in the membrane pellet fraction. To define which stage in the translocation reaction is These cross-linking experiments indicate that an SRPcompromised by protease digestion of the PK-RM, we cycle intermediate (Figures 3Aa, 3Ab, or 3Ac) accumuused the amine reactive cross-linker dissucinimidylsulates in assays of the SR␣ reconstituted membranes berate (DSS) to identify translocation components that that display translocation defects (e.g., T 20 -PK-RM or C 50 -PK-RM). In several cross-linking experiments, we are in contact with a nascent polypeptide (pG64) derived 
GTP when an SRP-RNC is targeted to the SR␣-reconsti-
We next asked whether the translocation intermedituted C X PK-RM or T X PK-RM. To address this question, ates were membrane bound (Figures 4Ab, 4Ac , or 4Ae) we modified a well characterized assay to monitor the or soluble (Figures 4Aa or 4Ad) . SRP-RNCs bearing formation of Gpp(NH)p stabilized complexes between pG64 were incubated with PK-RM in the absence or SRP and 35 S-methionine-labeled SR␣ (Rapiejko and Gilpresence of GTP prior to chromatography on gel filtramore, 1992, 1997). The protease-digested PK-RM were tion columns equilibrated in buffers containing 150 mM reconstituted with in vitro translated SR␣ and separated KOAc (L), 300 mM KOAc (M), or 500 mM KOAc (H) to from GTP, unincorporated SR␣, and the majority of the resolve free and membrane-bound RNCs ( Figure 4D ). In reticulocyte lysate SRP by gel filtration chromatography. the presence of GTP, the RNC is transferred to the Sec61 SRP-RNCs bearing pG64 were separated from GTP and complex and elutes with the microsomes in a low-or unbound SRP by centrifugation. These two preparations high-salt buffer ( Figure 4D ). In the absence of GTP, fewer were combined in the presence or absence of Gpp(NH)p RNCs were membrane bound, and this interaction was to permit the assembly of SRP-SR complexes upon tarsensitive to hypertonic solutions. Binding of SRP-RNCs geting of the SRP-RNCs to the membrane-bound SR.
to the SR␣-reconstituted microsomes was analyzed in agreement with a previous report (Gö rlich and Rapoport, 1993), we observed that translocation of preprolactin and SR␣ promotes signal sequence dissociation from SRP54, we should observe a drastic reduction in RNC across the SR-Sec61 complex proteoliposomes was less efficient than across PK-RM; hence, other RER binding to the SR proteoliposomes. Instead, both GTP and Gpp(NH)p increased the amount of RNCs that eluted membrane or lumenal proteins may be required to achieve robust translocation across the proteolipowith the SR proteoliposomes at 150 mM KOAc. In the absence of GTP, SRP-RNC binding to the SR proteoliposomes. We tested the possibility that multiple GTP binding somes was reduced 2.3-fold when the ionic strength was raised to 300 mM KOAc. In the presence of GTP or and hydrolysis cycles by the SRP-SR complex could account for the persistent binding of SRP54 to the RNC Gpp(NH)p, the proteoliposome-bound RNCs were 2-fold less sensitive to the increased ionic strength, indicating when Sec61␣ was severed in loops 6 and 8 (cycling through intermediates a-d in Figure 4A ). If this explanathat both GTP and Gpp(NH)p stabilize the proteoliposome-bound SRP-RNC.
tion is correct, we should observe a decrease in the yield of pG64 cross-linked to SRP54 if the SRP is unable According to our model for the posttargeting intermediate, SRP54 should remain bound to pG64 when the to rebind to the RNC after the initial targeting cycle has been completed. To test this hypothesis, we repeated RNC is attached to the SR proteoliposome. Alternatively, if RNC attachment to the SR proteoliposome can be the cross-linking experiment shown in Figure 3C our previous studies. When Sec61␣ is inactivated by Upon reconstitution with the SR␣ fragment, the trypsinproteolysis or deleted from proteoliposomes, the interdigested membranes remain defective in targeting of action between the SRP-RNC and the SR is stabilized the SRP-RNC to the SRP receptor. Further work will be by GTP or Gpp(NH)p binding to SR␣ and SRP54 and required to elucidate the role of SR␤ during the initial prolonged by the lack of an acceptor for the RNC. Alinteraction between the SRP-RNC and the SR.
though the GTP-stabilized association between the SRP-RNC and the SR proteoliposome suggests that GTP hydrolysis by SRP54 and SR␣ is also inhibited, the Proteolysis of the Sec61 Complex Digestion with the three proteases shown here, as well latter conclusion is in conflict with the results of GTPase assays that have been conducted by Bacher et al. (1996, as with thermolysin (data not shown), revealed a hierarchy of proteolytic sensitivity of Sec61␣ cytoplasmic seg-1999) using RNCs, SR proteoliposomes, and SRP. Further studies will be required to determine which of the ments. Cytoplasmic loop 8 and the C-terminal tail were most readily severed, followed by loop 6. The N terminus three GTPases (SR␣, SR␤ or SRP54) are activated under these circumstances. of Sec61␣ was considerably less sensitive, while cleavage within loops 2 and 4 was never detected. Proteases When assayed in detergent solution, the purified SR initiates the GTP-dependent dissociation of SRP from with different cleavage specificities yielded remarkably similar digestion products, suggesting that the protease the RNC (Connolly and Gilmore, 1989 
